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ABSTRACT
The origin of GeV emission from the early epoch of gamma-ray bursts (GRBs) is a widely
discussed issue. The long gamma-ray burst GRB 170405A, observed by the Fermi Gamma-ray
Space Telescope showed high-energy emission delayed by∼20 s with respect to the X-ray emission,
followed by temporally fading gamma-ray emission lasting for ∼1,000 s, as commonly observed
in high-energy GRBs. In addition, a high-energy spectral cutoff at ∼50 MeV was detected
in the prompt emission phase. If this feature is caused by pair-production opacity, the bulk
Lorentz factor of the GRB ejecta can be estimated to be Γbulk = 170–420. Simultaneously with
Fermi, GRB 170405A was observed by Swift/Burst Alert Telescope (BAT) and X-ray telescope
(XRT), and a clear optical onset was detected ∼200 s after the burst by Swift/UltraViolet Optical
Telescope (UVOT). By coupling the deceleration time to the derived bulk Lorentz factor, the
deceleration time was found to correspond to the delayed onset in the optical band. While the
delayed onset in the optical band is evidence that this emission had an external shock origin,
the temporally extended emission in the GeV band before the optical onset is hard to reconcile
with the standard synchrotron emission from the same external shock. This may imply that
the common feature of GeV emission with a power-law decay does not necessarily have the same
origin of the optical afterglow in all Fermi/LAT GRBs, particularly in their early epoch. Another
emission mechanism to explain the GeV emission in GRB 170405A can be required such as an
internal-shock or inverse Compton emission.
Subject headings: gamma-rays: bursts — gamma-rays: observations — gamma-ray bursts: individ-
ual(GRB170405A)
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1. Introduction
High-energy gamma-ray emission from gamma-
ray bursts (GRBs) is commonly observed by the
Fermi Gamma-ray Space Telescope with its two
onboard instruments: the Gamma-ray Burst Mon-
itor (GBM), which has a coverage of 8 keV–40
MeV (Meegan et al. 2009); and the Large Area
Telescope (LAT), which has a coverage of 20 MeV–
300 GeV (Atwood et al. 2009). Several observa-
tions have revealed that almost all GRBs show
some common features such as (1) delayed GeV
emission with respect to the X-ray–MeV emis-
sion in the GBM band and (2) temporally ex-
tended emission lasting ≥1,000 s and starting
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from the middle of the prompt-emission phase
(Ackermann et al. 2013; Ajello et al. 2019). This
implies that the temporal behavior observed in
the GeV band has different origins from that in
the X-ray band, where the standard synchrotron
shock model (see Piran 2004, for reviews) has
mostly succeeded in explaining the typical be-
haviors of the prompt emission and the afterglow
with the internal-shock and external-shock sce-
narios, respectively. The model is also success-
ful in the optical band, where most observations
were in the afterglow phase and the temporal and
spectral behaviors seen can be described by the
external-shock origin. In the GeV band, how-
ever, the simple standard model cannot be easily
applied to the spectral and temporal behaviors,
and several alternative scenarios have been pro-
posed: leptonic models of inverse Compton emis-
sion in an internal shock (e.g., Corsi et al. 2010;
Asano & Me´sza´ros 2011), a reverse shock (e.g.,
Fraija et al. 2016, 2017), or a e+/− pair-loaded
blast wave that originates from the MeV radia-
tion front of GRBs in prompt-emission phase (e.g.,
Beloborodov et al. 2014; Hascoe¨t et al. 2015),
synchrotron emission in an external shock (e.g.,
Kumar & Barniol Duran 2010; Ghisellini et al.
2010), and hadronic models including proton–
synchrotron (Razzaque 2010) or proton-cascade
processes (Asano et al. 2010).
Among these models, synchrotron emission
from an external shock might represent a bet-
ter choice to explain the observed features of
both the delayed emission in the prompt phase
and the subsequent, temporally extended emis-
sion in the afterglow phase, although the model
has several challenges. In the context of the exter-
nal shock model, the delayed onset of the initial
bright gamma-ray emission can be explained by
the deceleration timescale of the external shock
(Kumar & Barniol Duran 2010; Ghisellini et al.
2010; Ghirlanda et al. 2010). In this case, a
very early onset time in the GeV band dur-
ing the prompt emission for some LAT GRBs
(tonset ∼ a few seconds) requires a large bulk
Lorentz factor (Γ ∼ 600–2000: Ghisellini et al.
2010; Ackermann et al. 2013; Ghirlanda et al.
2018), which is close to the theoretical limit ex-
pected from thermal acceleration in the standard
fireball model (Piran 2004; Li 2010). Although the
temporal delay can be described by the external-
shock model, it is difficult for the GeV flux in
the initial bright pulse to be fully explained by
this model, and other contributions might be
needed (e.g., Beloborodov et al. 2014; Fraija et al.
2017). Nevertheless, one of the simple approaches
to test the external shock model for explaining
the delayed onset is to independently measure
the bulk Lorentz factor. For example, the spec-
tral feature of a high-energy cutoff caused by the
optical thickness of electron–positron pair cre-
ation (Ackermann et al. 2011; Tang et al. 2015;
Vianello et al. 2018) is a suitably direct estimator
of the bulk Lorentz factor.
For the extended emission, the synchrotron
emission model from the external forward shock
can be easily applied to explain the observed
power-law decay emissions (Kumar & Barniol Duran
2010; Ghisellini et al. 2010; Ghirlanda et al. 2010;
Nava et al. 2014; Fraija et al. 2016, 2017). Even
though the GeV light curve follows a simple power-
law decay, all GeV emission may not necessarily
originate from a single component. For exam-
ple, a joint model of an internal–external shock
(Maxham et al. 2011) hypothesizes that the ex-
ternal shock contribution alone cannot explain
the initial bright spikes in the GeV band, and
that a dominant internal shock contribution must
be considered. Another example of the incom-
pleteness of the synchrotron emission model is the
observations of GRB 130427A (Ackermann et al.
2014), which reveals that the synchrotron emission
from the external shock in the late afterglow phase
would not be enough to explain the observed ∼ 50
GeV high-energy gamma-ray photons, which ex-
ceed the expected maximum synchrotron energy.
One solution to explaining this violation could be
to invoke synchrotron self-Compton (SSC) emis-
sion (Fukushima et al. 2017).
Thus, it is important to test the validity of the
synchrotron model for an external shock to explain
the observed behaviors in the GeV band from var-
ious views with a greater number of GRBs.
In this paper, gamma-ray emission observations
of GRB 170405A made by the Fermi/LAT and
GBM, which reveal delayed gamma-ray emission
with respect to the X-ray emission, and a dis-
tinct feature of a high-energy spectral cutoff at
∼50 MeV that can significantly constrain the bulk
Lorentz factor of the GRB ejecta, are reported.
In addition, optical follow-up observations by the
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UltraViolet Optical Telescope (UVOT) on Swift
(Gehrels et al. 2004) and ground telescopes show
that the early optical onset for this GRB occurred
significantly later than the delayed onset in the
GeV band followed by a fading afterglow, which
implies that the gamma-ray emission did not orig-
inate through the external-shock model, and that
other scenarios such as the internal-shock model
should be explored to unveil the behavior in the
GeV band. This paper is organized as follows:
the observations of Fermi, Swift and ground tele-
scopes are described in Sect. 2 and data analysis
in Sect. 3. The obtained temporal and spectral
characteristics are detailed in Sect. 4 and 5, re-
spectively, and the physical interpretation is dis-
cussed in Sect. 6. Finally, the conclusions of this
study are summarized in Sect. 7.
2. Observations
GRB 170405A triggered the Fermi/GBM and
Swift Burst Alert Telescope (BAT) instruments
simultaneously at 18:39:22.89 UT (T0), and the
X-Ray Telescope (XRT) and UVOT subsequently
found a fading afterglow in the X-ray and op-
tical bands, respectively, located at R.A., decl.
= 14.h39.m18.s.72, -25.
◦14.′35.′′.3 (J2000) with a
90% uncertainty of 0.61 arcsec (Troja et al. 2017;
Evans et al. 2017; Hui & Meegan 2017). The
Fermi/LAT also detected gamma-ray emission
at a position consistent with the GRB, at 53◦
from the instrument boresight at the trigger time,
and continued a follow-up observation through
an autonomous repoint of the spacecraft. In
addition, the LAT low energy (LLE) data in
the 20–100 MeV range (Pelassa et al. 2010) dis-
play emission coincident with that in the >100
MeV band. The highest energy photon (810
MeV) associated with the GRB event was ob-
served ∼450 s after the trigger. After receiv-
ing alerts from the spacecraft, several ground
telescopes promptly performed follow-up opti-
cal observations and detected the fading opti-
cal transient (Malesani et al. 2017; Klotz et al.
2017; Martin-Carrillo et al. 2017; Mazaeva et al.
2017; Troja et al. 2017; Cobb 2017). In the R
band, we used values reported via the Gamma-
ray Coordinates Network (GCN). The redshift
of this burst was determined to be z = 3.510
(de Ugarte Postigo et al. 2017).
3. Data Analysis
For Fermi/GBM and LAT, to perform the tem-
poral and spectral analyses, observational data
was obtained from the Fermi Science Support Cen-
ter1 and Fermi Science Tools (version v11r5p3)2
was used. When analyzing the LAT data within
a short time interval (.100 s), events with the
“P8R2 TRANSIENT020E V6” instrumental response
function, which is a relatively loose-cut filter
of the background events, was used, while the
“P8R2 SOURCE V6”-class events were used for the
analysis over a longer time interval (&100 s) to
suppress background events. For the GBM data,
four NaI detectors (n6, n7, n9, and nb) and one
BGO detector (b1) less than 50◦ from the instru-
ment boresight at the trigger time were used.
For the Swift analysis, when performing the
temporal and spectral analyses for BAT and
XRT, the Swift Burst Analyser data3 were uti-
lized based on an automatic procedure provided
by Evans et al. (2009). For the UVOT analysis,
uvotproduct of the HEASoft package was used
to perform photometry and generate the UV light
curve. In the optical band, the optical magni-
tudes were corrected using dust maps, considering
an extinction from the Milky Way (Schlegel et al.
1998)4, but an extinction from the host galaxy
was not factored in as its extinction has a large
uncertainty.
For the fitting procedure of the spectral analysis
in the X-ray and gamma-ray bands, the XSPEC
package (Arnaud 1996) was used. In particular,
to quantitatively estimate the goodness of the fit
when performing the joint fitting of data, includ-
ing LAT data, the “PGstat” statistic, which is
applicable to low-count statistics (Arnaud et al.
2011), was used.
4. Light curves
4.1. Prompt Emission
Figure 1 shows the composite light curves ob-
served by the GBM and LAT detectors from 8
keV to 1 GeV. The duration of the GRB, ex-
1https://fermi.gsfc.nasa.gov/ssc/
2https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
3http://www.swift.ac.uk/burst analyser/00745797/
4https://irsa.ipac.caltech.edu/applications/DUST/
3
50− 0 50 100 150
300
350
400
450
500
550
R
at
e 
[cn
ts/
bin
] 8-30 keV (NaI)
a b c d e f
50− 0 50 100 150
200
300
400
500
R
at
e 
[cn
ts/
bin
] 30-100 keV (NaI)
50− 0 50 100 150
100
200
300
R
at
e 
[cn
ts/
bin
] 100-300 keV (NaI)
50− 0 50 100 150
350
400
450
500
550
R
at
e 
[cn
ts/
bin
] 0.3-1 MeV (BGO)
50− 0 50 100 150
400
450
500
R
at
e 
[cn
ts/
bin
] 1-10 MeV (BGO)
50− 0 50 100 1500
10
20
30
R
at
e 
[cn
ts/
bin
] 20-100 MeV (LLE)
50− 0 50 100 150
Time after the trigger [s]
0
1
2
3
R
at
e 
[cn
ts/
bin
]
0.1-1 GeV (LAT)
Fig. 1.— Composite light curve of GRB 170405A. The top five panels are different bands in the GBM (NaI
detectors for 8–30 keV, 30–100 keV and 100–300 keV and BGO detector for 0.3–1 MeV and 1–10 MeV), and
the lower two are LAT.
pressed as T90, is calculated to be 78.6 ± 0.6 s
in the 50–300 keV band, where T90 is the time
interval between accumulating 5% and 95% of
the total background-subtracted photons from the
GRB event. From this, GRB 170405A is catego-
rized as a long GRB. In the LLE band (20–100
MeV) bright pulses were detected and gamma-
ray emission above 20 MeV is delayed with re-
spect to the X-ray emission below ∼1 MeV, which
has been observed in other GRBs detected by the
LAT (Ackermann et al. 2013; Ajello et al. 2019).
In the high-energy band above 1 GeV there is
no detection of gamma-ray photons by the LAT,
which supports the hypothesis that in the prompt-
emission phase, photons above 1 GeV are signifi-
cantly damped. The fluence of the GRB in the 10
keV –100 MeV range is calculated to be 1.55+0.07
−0.06
× 10−4 erg/cm2 and the corresponding isotropic
equivalent energy is Eiso = 4.03
+0.19
−0.17 × 10
54 ergs.
4.2. Extended Emission
Figure 2 shows the temporally extended emis-
sion in the optical to gamma-ray bands. In the
X-ray band, the light curves observed by the
BAT and XRT show high temporal variability
in the first 100 s, which is consistent with the
Fermi/GBM observation. After that, the X-ray
flux gradually decreases with time, while there is
a bright X-ray flare at ∼200 s after the trigger.
The X-ray temporal behavior, except for the X-
ray flare, is fit well by a double-broken power-
law function with temporal indices of αAG = -
1.78±0.03 (100–840 s), -1.05±0.03 (840–7,600 s),
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Fig. 2.— Flux of the extended emission detected by the LAT (100 MeV–1 GeV) and afterglows detected by
the XRT (0.3–10 keV) and UVOT onboard Swift and ground telescopes for GRB 170405A, where the optical
fluxes are converted into the R-band flux (see the main text for details of the flux conversion). Γph denotes
the photon index. The photon index is fixed to Γph = -2 when the upper limit of the LAT flux is calculated
owing to low significance (TS < 10). The dashed line represents the best-fit power-law function in the LAT
data. The thick vertical lines indicate the time interval of the joint SED discussed in Section 5.2.
and -1.90±0.29 (7,600–20,000 s). The X-ray pho-
ton indices measured by the XRT range from Γph
= -2.0 to -1.0, as illustrated in Fig. 2.
The temporally extended emission in the
gamma-ray band (100 MeV –1 GeV) was detected
with a temporal index of αAG = -1.05±0.20 and
TS ∼ 10–25, namely 3–5 σ, for each time bin,
where TS is the test statistic to estimate the sta-
tistical significance (Mattox et al. 1996). In the
early phase, until T0 + 100 s, the photon indices
of the gamma-ray emission are much smaller than
Γph = -2, because the high-energy emission above
∼100 MeV is significantly damped, as will be dis-
cussed in Sect. 5.1. In the later phase, although
the uncertainty is large, the photon indices in the
gamma-ray band gradually increase. At T0 + 400
s, the flux rebrightening in the gamma-ray band
leaves a signature, and correspondingly the pho-
ton index becomes harder, reaching Γph ∼ -1.5.
The UVOT detected the delayed onset in the
w band at T0 + ∼200 s, after which the optical
flux decreased as a single power-law function with
a temporal index of αAG = -1.54±0.08. Further-
more, the temporal indices in the R and v bands
are consistent with that in the w band, as shown
in Table 1. It should be noted that in the case
of GRB 170405A with z = 3.51, emission above
1216 A˚ ×(1 + z) ∼ 5480 A˚ would be significantly
damped due to hydrogen absorption, which mod-
erately affects the estimate of intrinsic flux in the
w and v bands, while the emission in the R band is
not affected by any significant margin. Flux cor-
rection of the extinction by hydrogen absorption
is difficult in the w band because the bandwidth
is exceedingly wide. Here, because the temporal
decay indices in the w, v, and R bands are consis-
tent in the 1-σ confidence range, as shown in Table
1 (although the uncertainty of the index in the v
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band is very large), it would be reasonable to claim
that the emissions in the w, v, and R bands have
the same origin. When plotting the light curves
in the w, v, and R bands shown in Fig. 2, the
fluxes in the w and v bands were converted into
those in the R band by multiplying with 17.0 and
2.8, respectively, to let those fluxes have the same
baseline, so that the temporal behavior in the op-
tical band could be easily visualized.
5. Spectrum
5.1. Prompt emission
In the prompt emission phase, the whole inter-
val was divided into six parts to characterize the
time-resolved spectral features. In each time inter-
val, the Band function (Band et al. 1993) could be
applicable as shown in Table 2. However, in some
time intervals, statistical improvements were ob-
served whenever an exponential cutoff was added
to the Band function in the high-energy band. In
the brightest part of the time interval “b” where
delayed sub-GeV emission was detected, a wavy
structure of the residual can be seen around ∼50
MeV, as shown in Fig. 3. However, if an exponen-
tial cutoff is added to the Band function, the wavy
residual structure is significantly reduced, which
suggests that there is most likely a spectral cutoff
in the high-energy range.
To quantitatively estimate the statistical evalu-
ation of the improvement (i.e., goodness of fit) by
adding the spectral cutoff, the differences between
PGstat values of the Band functions with/without
an exponential cutoff, denoted as ∆PGstat, were
calculated to be 45 for an increase of one degree of
freedom. To estimate the statistical significance of
the exponential cutoff, a Monte-Carlo method was
used with the XSPEC package. First, one million
simulated spectra were generated from the fitting
result of the Band function without an exponen-
tial cutoff in the interval “b”. The generated spec-
tra were then fit with the Band functions, with
and without an exponential cutoff, which corre-
spond to the null hypothesis and alternative mod-
els, respectively. For each generated spectrum,
∆PGstat between the null hypothesis and alterna-
tive models was calculated (similar procedures for
the statistical evaluation in detail are also reported
at Ackermann et al. 2013; Arimoto et al. 2016).
From the simulated dataset of one million spectra,
the largest ∆PGstat obtained was 37, which means
a null hypothesis probability of < 10−6 that the
best-fitting function is the Band function with an
exponential cutoff, if the true function is the Band
function without an exponential cutoff.
5.2. Extended emission
The spectral energy distributions (SEDs) from
the four time intervals “I”, “II”, “III” and “IV” in
Fig. 2 are shown in Fig. 4, and the fitting re-
sults in the X-ray band are given in Table 3. Note
that every optical/UV flux is corrected considering
only the Galactic extinction, and the correction of
extinction from the host galaxy is not included.
When fitting the X-ray spectra, a fixed Galactic
absorption5 of 8.75×1020 cm−2 was used. As il-
lustrated in Table 3, the absorption from the host
galaxy is negligible in all time intervals.
In the time interval “I” where rebrightening in
the X-ray band (or X-ray flare) occurred, the ob-
tained X-ray spectrum is well represented by the
cutoff power-law function. The UV flux is located
beyond an extrapolation from the X-ray spectrum
with more than 2-σ confidence level, which indi-
cates that the X-ray and optical emissions have
different origins.
In the time interval “II”, where no optical data
is available and a flux increment in the GeV band
was observed, the SED shows that the power-law
function between the X-ray and GeV bands is al-
most consistent.
In the time intervals “III” and “IV”, there are
no significant temporal structures in any of the
energy bands. In time interval “III” the optical
flux is located beyond an extrapolation from the
X-ray spectrum, similar to the trend in interval
“I”. Contrary to interval “III”, in time interval “I
V” the optical flux is far below extrapolation from
the X-ray spectrum with a 2-σ confidence level.
This feature can be explained by the fact that the
temporal flux decrease in the optical/UV band is
steeper than that in the X-ray band, as shown in
Fig. 2 and Table 1.
In each time interval, because the GeV emis-
sion has a large degree of uncertainty or an upper
limit, there are no strong constraints in regard to
the SEDs. However, the optical/UV emissions are
5http://www.swift.ac.uk/xrt spectra/00745797/
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Fig. 3.— Observed spectrum in the prompt-emission phase (Interval b: T0 +18 s to + 26 s) detected with
GBM and LAT. Top: The best-fitting function (i.e., the Band function with an exponential cutoff). Middle:
Residuals from the Band function without an exponential cutoff. Bottom: Residuals from the Band function
with an exponential cutoff.
not consistent with the extrapolation from the X-
ray emission, which indicates separate origins, and
such different behaviors are also confirmed by the
observation of the temporal evolution between the
optical and X-ray bands as shown in Sect. 4.2.
6. Discussion
6.1. Bulk Lorentz factor
A significant spectral cutoff was detected dur-
ing the prompt emission, which could be naturally
interpreted as pair-production opacity within the
GRB source (Ackermann et al. 2011; Tang et al.
2015; Vianello et al. 2018). If a certain emission
volume is considered, high-energy gamma-ray pho-
tons would interact with low-energy photons via
pair creation. The opacity of gamma-ray photons
as a function of the photon energy and the pho-
ton density in an emission region is controlled by
the bulk Lorentz factor, Γbulk. In such a case,
this spectral cutoff feature can be used as an es-
timator of the bulk Lorentz factor of the GRB
ejecta. Here, the dominant emission component
comes from the Band component, and its high-
energy segment, which contributes to the annihi-
lation of gamma-ray photons, can be accurately
represented as a power-law function. A detailed
numerical calculation considering the temporal,
spatial and directional dependence for the pair-
production interaction (Granot et al. 2008) gives
a conservative lower limit of the bulk Lorentz fac-
tor, Γbulk,min, which likely corresponds to a realis-
tic case. Here we use Equation (1) of Ajello et al.
(2019) with observed parameters of the photon
spectrum with a spectral cutoff of Ecut and the
variability timescale ∆t (i.e., the emission radius
is R = Γ2bulkc∆t/(1 + z)).
The observed variability timescale, ∆t, can be
estimated from a temporal analysis that calcu-
lates the power of a differentiated time-series of
a light curve, by subtracting photon counts in
an individual time bin from those in the adja-
cent bin (Nemiroff et al. 1997). By using the LLE
lightcurve from T0 + 15 s to 40 s, the obtained
power spectrum is shown in Fig. 5. When es-
timating the variability timescale from the cal-
culated spectrum, the Poisson noise in the light
curve should be considered, in which the noise is
represented as the power, ∝ ∆t−1. If an addi-
tional component can be found above the noise,
the component would correspond to the variabil-
ity timescale. Then, the variability timescale is
defined as the minimum point of power when
representing through the log-parabola function,
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Fig. 4.— Spectral energy distributions from the optical to gamma-ray bands for four time intervals: Intervals
I, II, III, and IV denote the shaded regions shown in Fig. 2. The solid red and blue areas correspond to
the 1-σ region for the XRT + BAT and LAT ranges, respectively. The pale red shaded and dotted regions
correspond to the 1-σ and 2-σ regions extrapolated from the XRT band. The blue arrows represent the 95%
upper limit for the LAT. For interval I, the extrapolation above the BAT range is shown assuming that the
high-energy photon index is -2.5.
where the minimum point corresponds to an ap-
parent turnaround from the background to the
GRB emission. The variability timescale parame-
ter for GRB 170405A is found to be 0.46 ± 0.04
s. The variability timescale was also examined by
calculating the pulse width of the bright narrow
spike in the LLE light curve at T0 + 18.5 s by
fitting it with a Gaussian function, and its width
was obtained as 0.53 ± 0.08 s (full width at half-
maximum: FWHM), which is consistent with the
result obtained from the power-spectrum method.
Using the measured variability timescale of ∆t
∼ 0.5 s, Ecut = 48 MeV and the observed pho-
ton spectrum, the bulk Lorentz factor was ob-
tained as Γbulk,min = 170. On the other hand,
if the cutoff energy in the jet-comoving frame is
mec
2, which corresponds to a maximum Lorentz
factor (Gill, & Granot 2018), Γbulk,max = (1 +
z)Ecut/mec
2 = 420. From these considerations,
the bulk Lorentz factor for this burst is estimated
to be Γbulk = 170 – 420.
6.2. Rebrightening in the X-ray band
In the X-ray band, the intense rebrightening at
T0 + 200 s occurred simultaneously with the opti-
cal onset, which may indicate that the X-ray emis-
sion has the same origin as the optical emission.
However, as shown in the obtained SED result at
Interval “I” (Fig. 4), the optical flux significantly
exceeds the extrapolation from the X-ray emission,
8
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Fig. 5.— Power spectrum of the LLE light curve
for GRB 170405A from T0 + 15 s to 40 s. The cir-
cles represent the calculated spectrum from the
observed data. The dashed line represents the
power ∝ ∆t−1, meaning Poisson statistical fluc-
tuation. The red solid line represents the best-fit
curve when using the log-parabola function.
and it is not evident if the X-ray and optical emis-
sions have the same origin. In addition, the ob-
tained photon index in the X-ray band is Γph =
-1.2, which is harder than that of typical after-
glows (Racusin et al. 2009). Furthermore, such a
hardening feature in the X-ray band during the re-
brightening can be seen in Fig. 2 (see the second
top panel: time vs. Γph in the X-ray band with
XRT). In addition, the temporal indices of the X-
ray rebrightening are αAG = +7.08±0.07 and -
6.12±0.16 in the rise and decay parts, respectively,
which are far from the typical photon indices ex-
pected from an external-shock origin: t+2 or even
t+11/3 in the rise part and t∼−1.2 if the electron
index is p ∼ 2.3 in the decay part (Sari & Piran
1999). In regard to these observational results, it
is reasonable to conclude that the X-ray rebright-
ening at T0 + 200 s has a different origin, such as
a late internal shock, and is not related with the
external shock.
6.3. Optical and GeV onsets
Interestingly, the multi-wavelength observa-
tions reveal different temporal onsets in the op-
tical and GeV bands at T0 + ∼200 s and ∼20 s,
respectively. Such delayed temporal onsets can
be interpreted as the beginning of the external
forward shock (Sari & Piran 1999). However, if
both onsets have the same physical origin and
correspond to the deceleration time, they should
occur at the same time. Thus, the different ob-
served temporal onsets indicate that the GeV and
optical emissions have different physical origins.
In the optical band, after the optical onset, the
optical flux monotonically decreases as a single
power-law function (∝ t−1.6) until ∼105 s. This
result implies that the optical emission should be
interpreted to be of external-shock origin, and the
GeV emission with an earlier onset than that in
the optical band to be of a different origin. In
addition, the spectral evolution in the GeV band
would support a non-external shock origin. Here-
after, we investigate whether this interpretation
is valid by discussing the external-shock origin to
explain the GeV emission in detail:
First, let us assume Γbulk = 170 derived in
Sect. 6.1. That can be used to estimate the after-
glow onset in the ambient profile of the interstellar
medium (ISM) (Sari & Piran 1999), which is for-
mulated as
tonset,ISM =
[
3Eiso(1 + z)
3
32πnISMmpc5ηΓ8bulk
]1/3
∼ 200 s
(
Eiso
4× 1054 ergs
)1/3 ( η
0.1
)−1/3
( nISM
500 cm−3
)−1/3 (Γbulk
170
)−8/3
where nISM is the density of the ISM, mp is the
proton mass, and η is the efficiency of total shock
energy in converting into the gamma-ray emission.
If η = 0.1 and nISM = 500 cm
−3, then the expected
afterglow onset is consistent with the observed op-
tical onset (T0 + ∼200 s). However, the very high
density required is not realistic. Furthermore, to
explain the gamma-ray onset observed at T0 +
∼20 s in the context of external shock, a higher
ISM density of ∼5 × 105 cm−3 is needed. Thus,
the ISM scenario is unlikely if Γbulk,min = 170. In-
stead, if we adopt Γbulk,max = 420 and nISM = 0.3
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cm−3, the observed optical onset at T0 + ∼200 s
can be explained by an afterglow origin.
In addition, this study also considers the after-
glow in a stellar wind environment (Chevalier & Li
2000). In that case, the afterglow onset can be es-
timated as
tonset,wind =
Eiso(1 + z)
16πAmpc3ηΓ4bulk
∼ 200 s
(
Eiso
4× 1054 ergs
)( η
0.1
)−1
(
A∗
1.5
)−1 (
Γbulk
170
)−4
where the wind parameter, A = 3.02 × 10 35 A∗
cm−1, when the mass-loss rate is 1 × 10−5 M⊙
yr−1 and the wind velocity is 103 km s−1 for A∗
= 1. If we take η = 0.1 and A∗ = 1.5, then the
optical onset at T0 + 200 s can be interpreted as
being of the external-shock origin. However, the
expected onset time is sensitive to A∗ and can eas-
ily change depending on A∗. For example, if A∗ =
20, then tonset,wind ∼ 20 s, which is consistent with
the gamma-ray onset time. Thus, the external-
shock scenario is tested by confirming the consis-
tency between the observed and expected fluxes
in detail. Hereinafter, we discuss the external-
shock scenario from the perspective of both ISM
and wind cases.
6.4. Afterglow scenario
6.4.1. ISM case
As mentioned in the previous section, in the
case of ISM, if we use Γbulk,max = 420, the opti-
cal onset can be interpreted as the early epoch of
the external-shock emission. Here, using the GeV
onset at T0 + 20 s as a deceleration timescale re-
quires nISM ∼ 200 cm
−3, which is a very high ISM
density. In such a case, there are two plausible
explanations for the optical emission, which are
(1) νm < νopt < νc and (2) νm < νc < νopt (or
νc < νm < νopt), where νm is the frequency of the
synchrotron emission from electrons with a mini-
mum Lorentz factor, νc is the cooling frequency of
the synchrotron emission, and νopt is a frequency
in the optical band (∼ 1015 Hz). We can describe
νm, νc, and the crossing time tc when νc crosses
the observed frequency νobs as follows (Sari et al.
1998),
νm ∼ 3× 10
21ǫ2eǫ
0.5
B (Eiso/4× 10
54 erg)0.5(η/0.1)−0.5
(t/200 s)−1.5 Hz
νc ∼ 2× 10
12ǫ
−3/2
B (Eiso/4× 10
54 erg)−0.5(η/0.1)0.5
(nISM/0.3 cm
−3)−1(t/200 s)−0.5 Hz
tc ∼ 2× 10
−8ǫ−3B (Eiso/4× 10
54 erg)−1(η/0.1)
(nISM/0.3 cm
−3)−2(νobs/10
15 Hz)−2 day
where ǫe and ǫB are the fractions of electron and
magnetic energy transferred from the shock en-
ergy.
If the condition on the optical afterglow is (1)
νm < νopt < νc, then the cooling frequency, νc,
of the afterglow should never cross the optical
band because no significant temporal break was
observed during the optical observation. Thus, it
requires tc > 1 day (∼10
5 s), leading to ǫB < 3
× 10−3. In this condition, the temporal index is
expressed as 3(1-p)/4, and from the observed tem-
poral index in the optical band (αAG ∼ -1.6), the
electron index can be estimated as p ∼ 3.2. Fur-
thermore, to satisfy the condition νm < νopt at T0
+ 200 s, by using ǫB < 3 × 10
−3 we obtained ǫe
< 2 × 10−3. Using the constraints, we can calcu-
late the expected flux densities in the optical and
GeV bands, where formulations by Granot & Sari
(2002) are used. If ǫB ∼ ǫe ∼ 10
−3 is adopted,
then the expected flux density at T0 + 200 s is
calculated as Fν ∼ 10 mJy, which is consistent
with the observed flux density (∼10 mJy). How-
ever, using the same parameters, the flux density
in the GeV band (∼1023 Hz) at T0 + 200 s is calcu-
lated to be Fν ∼ 10
−10 mJy, which is much smaller
than the observed flux density (∼10−6 mJy). This
is because νc is expected to be low (νc ∼ 10
16
Hz) with the adopted parameters and then the ex-
pected GeV flux density becomes very low, where
the expected photon index above νc is Γph = -2.6
from p ∼ 3.2. Note that it is impossible to explain
the observed GeV flux density when ǫB < 3 ×
10−3 and ǫe < 2× 10
−3 by the synchrotron emis-
sion from the external shock propagating through
the ISM.
Next, the condition of (2) νm < νc < νopt (or
νc < νm < νopt) is considered. Here, the ex-
pected electron index is estimated to be p ∼ 2.8
from the temporal index observed in the optical
band. From the condition of νc < νopt, we ob-
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tain ǫB > 0.02. In addition, from the condition
of νm < νopt, ǫe < 2 × 10
−3 is obtained when
adopting ǫB = 0.02. If we appropriately choose ǫe
= 3×10−4 and ǫB = 0.02, the optical flux density
should be ∼20 mJy, which is consistent with the
observed flux density. However, as is the case with
(1) νm < νopt < νc, the flux density in the GeV
band (∼1023 Hz) at T0 + 200 s is calculated to be
Fν ∼ 10
−10 mJy, which is much smaller than the
observed flux density of ∼10−6 mJy. Here, even if
we take a higher ǫB the observed GeV flux cannot
be explained because νc becomes low.
In both cases, the optical emission can be ac-
curately interpreted as having an external-shock
origin, while the GeV emission cannot be consis-
tently explained by the same. Thus, another origin
for the GeV emission must be discussed. While we
have assumed nISM = 0.3 cm
−3 implied from Γbulk
= 420, the above qualitative conclusion is almost
the same for a higher nISM ∼ 500 cm
−3 using Γbulk
= 170.
6.4.2. Wind case
For a wind profile of the ambient medium, with
A∗ = 1.5 when we use Γbulk,min = 170, the de-
celeration time of the GRB ejecta can explain the
optical onset at T0 + 200 s, as mentioned in Sect.
6.3. As is the case with the ISM, two cases of
the optical emission, (1) νm < νopt < νc and (2)
νm < νc < νopt (or νc < νm < νopt), are consid-
ered. Here, νm and νc and the crossing time tc can
be written as follows (Chevalier & Li 2000),
νm ∼ 1× 10
21ǫ2eǫ
1/2
B (Eiso/4× 10
54 erg)1/2(η/0.1)−1/2
(t/200 s)−3/2 Hz
νc ∼ 2× 10
10ǫ
−3/2
B (A
∗/1.5)−2(Eiso/4× 10
54 erg)1/2
(η/0.1)−1/2(t/200 s)1/2 Hz
tc ∼ 7× 10
6ǫ3B(νobs/10
15 Hz)2(A∗/1.5)4
(Eiso/4× 10
54 erg)−1(η/0.1) day
For the case of (1) νm < νopt < νc, ǫB < 7
× 10−4 is obtained from the condition νopt < νc.
In addition, from the condition νopt > νm and
ǫB < 7 × 10
−4, ǫe < 10
−2 is obtained. To ex-
plain the observed flux density of ∼10 mJy at T0
+ 200 s in the optical band, ǫB ∼ 10
−4 and ǫe ∼
10−3 is chosen. However, when these parameters
are used, the expected GeV flux density of Fν ∼
3×10−8 mJy at T0 + 200 s is much lower than
the observed value (∼10−6 mJy). If a lower ǫB is
taken, then the GeV flux increases, but the opti-
cal flux decreases: in such a parameter space, it
is hard for the external-shock scenario to explain
both the optical and GeV fluxes.
In the case of (2) νm < νc < νopt (or νc < νm <
νopt), since this requires tc > 1 day (∼10
5 s), ǫB >
5 × 10−3 is obtained. Furthermore, from the con-
dition of νopt > νm, ǫe < 2×10
−3 (ǫB/10
−2)−1/4 is
obtained. If ǫB ∼ 10
−2 and ǫe ∼ 3×10
−4, then the
expected flux in the optical band is roughly consis-
tent with the observed flux (∼10 mJy). However,
in any parameter space within this constraint, a
GeV flux consistent with the observed flux can
not be found. Thus, it can be concluded that
the optical afterglow can be interpreted within
the external-shock model, while the GeV extended
emission cannot because it has a different origin.
On the other hand, the GeV onset at T0 + 20
s could be explained by the deceleration onset of
the GRB ejecta when adopting A∗ = 20, as men-
tioned in Sect. 6.3. Thus, the plausibility of using
the framework of the external-shock scenario to
explain the optical and GeV emissions was tested.
In this case, the most possible scenario could be
that the optical emission until T0 + 200 s comes
from a condition of νopt < νm < νc, and the ex-
pected temporal index is αAG = +0 (Sari et al.
1998), which is consistent with the observed tem-
poral index αAG = +0.10 ± 0.13 from T0 + 150
s to 300 s. This condition requires νopt ∼ νm at
T0 + 200 s, which leads to ǫ
2
eǫ
1/2
B ∼ 10
−6. Fur-
thermore, from the condition of νopt < νc, ǫB <
2×10−5 should be satisfied. When ǫe ∼ 0.18 and
ǫB ∼ 10
−9 are chosen, the optical flux is obtained
as Fν ∼ 10 mJy at T0 + 200 s. In addition, the
GeV flux using these obtained physical parame-
ters, ǫe and ǫB, was estimated to be ∼5×10
−4 mJy
at T0 + 20 s, which is inconsistent with the ob-
served flux of (0.8±0.4)×10−5 mJy. If a higher
ǫB is taken, the observed GeV flux can be realized
but the calculated flux in the optical band becomes
much larger than the observed one. Thus, when
considering the wind case with νm < νc < νopt
(or νc < νm < νopt), the GeV onset cannot be
interpreted as the deceleration of external shock.
Furthermore, there are several difficulties in
that the external-shock scenario cannot fully ex-
plain other observational features: the electron in-
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dex from the observed temporal index in the op-
tical band is calculated as p ∼ 2.5. When the ob-
tained electron index is used, the temporal index
under νc < νGeV should give αAG = -1.38, which
is slightly inconsistent with the observed tempo-
ral index (αAG = -1.05 ± 0.20) of the temporally
extended gamma-ray emission. In addition, the
extended emission in the GeV band shows signs of
strong temporal and spectral variability, as shown
in Fig. 2, which cannot be easily explained by the
external forward shock model. Thus, the external-
shock scenario faces several challenges when ex-
plaining the GeV emission.
Instead, even if we use Γbulk,max ∼ 420 for the
wind scenario, we obtain an almost similar con-
clusion as in the case of Γbulk,min ∼ 170, as shown
briefly in the following: if A∗ ∼ 0.04, while the
optical onset can be interpreted as the decelera-
tion timescale, the expected flux of the GeV ex-
tended emission from the external-shock model
cannot be reconciled with the observed one either
in the case of νm < νopt < νc, νm < νc < νopt or
νc < νm < νopt. In addition, if A
∗ ∼ 0.4, the GeV
and optical onsets can be explained by the decel-
eration timescale and the crossing time of νm in
the case of νopt < νm < νc, respectively, and the
optical and GeV fluxes can be barely explained
by the external-shock model. However, there are
some observed features such as the temporal in-
dex in the GeV band and the GeV extended emis-
sion in time interval “II” showing strong tempo-
ral and spectral variability, which are inconsistent
with ones expected from the external-shock model.
Thus, our interpretation does not largely de-
pend on the bulk Lorentz factor of the GRB ejecta
as long as the bulk Lorentz factor has a fiducial
value of a few hundred.
6.5. Origin of GeV emission
A few of the previous works have shown that the
temporal and spectral behaviors in the GeV band
for the observed LAT GRBs can be described by
synchrotron emission from the external forward
shock scenario (Kumar & Barniol Duran 2010;
Ghisellini et al. 2010; Ghirlanda et al. 2010). How-
ever, as mentioned in Sect. 6.4, the external-shock
model cannot adequately explain either the tem-
poral or the spectral behavior measured from the
multi-wavelength observations of GRB 170405A.
A possibility to explain the GeV emission be-
havior could be to consider inverse Compton scat-
tering: SSC emission from the forward or reverse
shock, or inverse Compton emission from the e+/−
pair loaded blast wave (Beloborodov et al. 2014).
For SSC emission in the forward shock, e.g., in
the case of νm < νopt < νc of the wind case
discussed in Sect. 6.4, low magnetization (i.e.,
ǫB ∼ 10
−4) may enhance the SSC component in
the gamma-ray band. However, the component is
expected to be subdominant to the synchrotron
emission from the external shock (Lemoine 2015;
Fukushima et al. 2017). In addition, because the
SSC emission cannot have a longer delay than
the variability timescale (Granot et al. 2010), the
observed delayed onset cannot be realized; the
timescale of the delayed onset is ∼20 s and the
variability timescale is ∼0.5 s in this GRB. For
SSC emission in a reverse shock, although a bright
spike with a long delay in the GeV band can be de-
scribed (Fraija et al. 2016, 2017), it is difficult to
explain through this model the observed temporal
and spectral behaviors in the GeV band, showing
signs of strong temporal variability and spectral
hardening particularly in the time interval “III”.
Here, inverse Compton emission from the pair-
loaded blast wave could be an attractive model
that can realize the spectral hardening in the later
phase (Vurm et al. 2014; Hascoe¨t et al. 2015), be-
cause the average energy of the pairs increases
with time owing to the decrease of the pairs. How-
ever, this model expects the same temporal onset
in the optical and GeV band (Vurm et al. 2014;
Hascoe¨t et al. 2015), and it might be difficult to
fully explain the observed temporal behavior for
this GRB: T0 + ∼200 s in the optical band and T0
+ ∼20 s in the GeV band.
Another plausible scenario could be synchrotron
emission from an internal shock, which can natu-
rally explain the strong temporal variability in the
GeV band. In addition, the delayed onset can be
interpreted as strong temporal dependence of the
pair-production opacity, which can be longer than
the variability timescale (Hascoe¨t et al. 2012). To
explain the observed behaviors in the GeV band
for other LAT GRBs, the preference of an internal-
shock scenario over other models was also sug-
gested by Maxham et al. (2011).
Most of the temporally extended GeV emis-
sion is consistent with a single power-law decay.
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The later part of the GeV afterglows would be
explained by the standard synchrotron or inverse
Compton emission from the external shock. If the
initial part of the GeV emission has another ori-
gin as we have discussed, the smooth behavior of
the GeV lightcurves could raise a question of the
relation between the two components, though the
photon statistics is not significant in many cases.
7. Conclusion
This study has presented the spectral and tem-
poral analysis of GRB 170405A with optical, X-
ray, and gamma-ray data. During the prompt
emission phase, GRB 170405A shows a delayed
onset of gamma-ray emission with respect to the
X-ray emission by ∼20 s, after which temporally
extended emission lasting ∼1,000 s in the GeV
band was detected. In addition, ∼200 s after the
prompt emission started, a clear optical onset was
observed by Swift/UVOT. If the optical onset was
caused by the external shock, the GeV emission
cannot be explained by the external-shock sce-
nario in the context of the standard synchrotron
shock model. In particular, a significant spectral
cutoff at ∼50 MeV in the prompt emission was de-
tected, which enabled the estimation of the bulk
Lorentz factor of GRB ejecta, assuming that this
spectral cutoff is caused by pair-production opac-
ity. The initial bulk Lorentz factor was derived to
be Γbulk = 170–420 and we test the plausibility of
the GeV or optical onsets being the deceleration
onset expected from the external-shock scenario.
Investigating both ISM and wind cases of the af-
terglow, the most reasonable scenario was found
to be that the optical delayed onset was caused by
the deceleration of the external shock. In this case,
the external-shock model cannot synthetically ex-
plain both the temporal and spectral properties
of the temporally extended emission in the GeV
band, and another emission component is needed.
Possible scenarios are the synchrotron emis-
sion from the internal shocks or the inverse
Compton emission from the pair-loaded blast
wave. The model with the pair-loaded blast wave
(Beloborodov et al. 2014) could be suitable to ex-
plain the delayed temporal onset and the spectral
hardening at the later phase in the GeV band,
although we need to adjust the parameters to
suppress the optical synchrotron emission from
the pair-loaded blast wave (Vurm et al. 2014), as
the observed optical afterglow has a different onset
time and may have another origin.
For the internal-shock scenario, the delayed
GeV emission can be naturally interpreted as
strong temporal dependence of the pair-production
opacity, which is supported by the detection of a
spectral-cutoff feature in the high-energy band.
Furthermore, the temporal variability observed in
the GeV band can be also easily described. Al-
though the external-shock scenario in many cases
has been used to explain the GeV emission behav-
ior, GRB 170405A is a good counterexample to
revise the emission model in the GeV band, and
these results of GRB 170405A will shed new light
on our understanding of the gamma-ray emission
mechanism of GRBs.
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Table 1: Fitting result of the temporal indices during the extended emission
filter αAG1 t1 [s] αAG2 t2 [s] αAG3 χ
2/d.o.f.
LAT -1.05±0.20 – – – – 1.7/3
R -1.63±0.03 – – – – 1.2/4
w -1.54±0.08 – – – – 4.2/11
v -1.07±1.04 – – – – 4.6×10−7/0
XRT -1.78±0.03 (8.41±0.04)×102 -1.05±0.03 (7.60±4.25)×103 -1.89±0.29 229.2/161
Note.—In the X-ray band, the fitting function consists of a double-broken power-law function with three photon indices
(αAG1, αAG2 and αAG3) and two break times (t1 and t2) during the afterglow (AG) phase. Here, the time interval from 160 s
to 300 s, in which a bright X-ray flare occurred, was excluded from the fitting.
In the w band, because the emission in the time interval from T0 + 150 s to T0 + 250 s is almost constant, a power-law function
was fit in the time interval from 250 s.
Errors correspond to the 1-σ confidence region.
Table 2: Spectral fitting results from the LAT and GBM in the prompt-emission phase.
Interval Model α β Epeak Ecut PGstat/dof
[s] [keV] [MeV]
“total” Band −0.77±0.03 −2.43±0.03 277±11 — 2725.2/608
(0–100 s) Band × expcut −0.74±0.03 −2.21+0.05−0.06 259±12 68
+26
−16 2668.6/607
“a” Band −0.68+0.08−0.07 −2.51
+0.08
−0.10 340
+43
−35 — 1003.0/608
(0–18 s) Band × expcut −0.63+0.09−0.08 −2.17±0.19 311
+44
−40 42
+64
−20 992.0/607
“b” Band −0.56±0.08 −2.27±0.04 293+25−22 — 806.2/609
(18–26 s) Band × expcut −0.50±0.08 −2.01±0.07 262+27−25 48
+23
−13 761.2/608
“c” Band −0.73±0.05 −2.43±0.11 303+22−20 — 829.2/608
(26–36 s) Band × expcut −0.71±0.08 −2.20±0.07 285+24−23 66
+68
−26 814.1/607
“d” Band −0.63+0.14−0.12 −2.30
+0.06
−0.08 193
+29
−24 — 843.9/608
(36–46 s) Band × expcut −0.56+0.16−0.15 −2.11
+0.12
−0.14 173
+32
−25 84
+218
−40 837.5/607
“e” (46–56 s) Band −0.86±0.05 −2.59+0.14−0.19 284
+27
−23 — 794.0/598
“f” (56–100 s) Band −0.87±0.06 −2.55+0.10−0.13 232
+23
−20 — 1606.7.9/598
Note.—Band function parameters are low-energy photon index α, high-energy photon index β, and peak energy Epeak with
an exponential cutoff (“expcut”) at the cutoff energy Ecut. Errors correspond to the 90% confidence region. In the intervals of
“e” and “d”, when applying the “Band × expcut” function, no meaningful limit on the cutoff energy could be obtained, and
only the result of the Band function could be shown.
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Table 3: Spectral fitting results in the extended-emission phase.
Interval Instrument Model NH,gal NH,host Photon index Epeak χ
2/dof
[s] 1020 cm−2 1020 cm−2 [keV]
“I” XRT+BAT Cutoff PL 8.75 (fixed) 1.07+unc−unc×10
−6
−1.19±0.06 103+76−30 499.6/589
(180–200 s) LAT PL — — — — —
“II” XRT PL 8.75 (fixed) 3.37+unc−unc×10
−6
−1.79±0.05 — 516.9/565
(310–560 s) LAT PL — — –1.88±0.33† — —
“III” XRT PL 8.75 (fixed) 4.30+unc−unc×10
−7 −1.68±0.12 — 214.8/243
(589–1000 s) LAT PL — — –2.36±0.50† — —
“IV” XRT PL 8.75 (fixed) 8.78+unc−unc×10
−7 −2.01±0.11 — 236.1/263
(4375–6000 s) LAT PL — — — — —
Note.—Fitting function in the X-ray band consists of a single power-law function with the Galactic and host-galaxy ab-
sorptions (and a spectral cutoff when using the BAT data), namely TBabs × zTBabs × PL (or Cutoff-PL). The power-law
function parameters are the low-energy photon index α, the high-energy photon index β, and the peak energy Epeak with an
exponential cutoff (“expcut”) at the cutoff energy, Ecut. Errors correspond to the 90% confidence region. “unc” means that
the fitting parameter is unconstrained.
†: Errors correspond to the 1-σ confidence region.
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